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Amorphous coatingsCoatings of a Fe43.2Co28.8B19.2Nb4Si4.8 alloy on AISI 1020 steel substrates were produced by laser cladding. By
properly selecting the processing parameters adherent tracks with negligible dilution could be obtained. For
the processing conditions used the cladmaterial presents a graded structure consisting of 5 layers with different
microstructures, resulting from the prevalentmaterial solidiﬁcation path. Solidiﬁcation starts by epitaxial growth
of Fe–Co δ-ferrite on the δ-ferrite resulting fromheating of the substrate near the fusion line into the δ-ferrite sta-
bility temperature range. This ﬁrst stage of solidiﬁcation leads to the formation of consecutive layers consisting
predominantly of δ-ferrite and formed by plane front, cellular and columnar dendritic solidiﬁcation. The solidiﬁ-
cation of Fe–Co δ-ferrite leads to the segregation of B and Nb ﬁrst frontally, to the bulk of the liquid, then to the
interdendritic regions, resulting in the precipitation of a boride containing eutectic. Initially, the eutectic precip-
itates in the interdendritic regions, resulting in a layer of material comprised of δ-ferrite dendrites and
interdendritic eutectic, then in a layer of material where the eutectic is the bulk alloy constituent. Eventually, a
layer of amorphous material with homogeneously dispersed dendrites of Fe–Co δ-ferrite forms in most of the
coating thickness. These embedded dendrites form by equiaxed solidiﬁcation within the supercooled liquid at
the trailing edge of themelt pool, from δ-ferrite dendrite fragments and boride particles carried from the growing
columnar layer into the liquid bulk byMarangoni convection, driven by the temperature gradients existingwith-
in the melt pool. They play a critical role in deﬁning the excellent properties of the coating material: a very high
hardness of 1040 ± 16 HV0.5 associated to a reasonable ductility, allowing the formation of crack-free coatings,
in contrast with the bulk alloy prepared by spray forming, either in the as-prepared condition or after laser
melting.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
In general, the high critical cooling rates required to produce Fe-
based bulk metallic glasses (BMGs) restrict the practical size of parts
produced from these materials to the millimeter-range [1], limiting
their applications. On the contrary, these cooling rates are compatible
with an application of these materials as protective coatings, if rapid so-
lidiﬁcation coating methods such as laser cladding, high-velocity oxy-
gen fuel spraying (HVOF) and plasma spraying are used. Due to the
materials properties, these coatings can be expected to enhance the cor-
rosion and wear resistance of steel structural elements and machine
components. Among Fe-based BMGs, Fe–Co–B–Si–Nb alloys have
emerged as potential candidates for coating applications, since they
present outstanding mechanical properties (fracture strength up toghts reserved.4000 MPa, Young's modulus of 190–210 GPa, large elastic strain (up
to 2%) and hardness of 1150–1220 HV [2,3]), excellent corrosion resis-
tance as compared to their crystalline counterparts [4], low coercivity
and high electrical resistivity [5]. These properties explain the attention
that these alloys attracted in the last few years, but their application has
been restrained due to their brittle behavior at room temperature. How-
ever, some results shown that their ductility can be enhanced by the
precipitation of a small volume fraction of a ductile phase [6,7]. In the
present paper it is demonstrated that, by taking advantage of
Marangoni-driven convection, a columnar to equiaxed transition
(CTE) is induced during the ﬁnal stages of solidiﬁcation, creating a duc-
tile microstructure in the Fe-based bulk metallic glass coating.
The number of publications describing the application of Fe-based
BMGs and its derived composites as coatings is small [8–13] andmostly
devoted to coatings produced by thermal spraying methods, such as
plasma spray process (PS) and HVOF, which create coatings with rela-
tively large porosity, that compromises to some extent the coating
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do not ensure that a metallurgical bond forms between the coating
and the substrate.
Laser cladding is one of the most promising techniques to produce
amorphous coatings since it combines localized heating with high
cooling and solidiﬁcation rates, ideal to produce coatings with metasta-
ble microstructures including amorphous [13–15] and quasicrystalline
[16,17] alloys. This method allows producing relatively thick coatings
(0.1–3 mm) with negligible porosity and good metallurgical bonding
to the substrate [18,19]. In laser cladding, the solidiﬁcation occurs
through relatively high solidiﬁcation rates, due to heat conduction to
the bulk as the laser beam moves away from the melt pool position in
a particular instant, resulting often in a very reﬁned microstructure
with enhanced mechanical properties as compared with similar alloys
in the as-cast condition [18]. When appropriate processing parameters
are used, a ﬁne layer of the substrate is melted simultaneously with
the addition material, creating a metallurgical bond between the coat-
ing and the substrate upon solidiﬁcation with negligible dilution of the
coating material by the substrate. This is particularly important when
dealing with metallic glasses, because the critical cooling rate for
amorphization of these materials is often critically dependent on the
chemical composition and dilution will change the chemical composi-
tion of the alloy used to produce the coating.
In the present work, single tracks Fe-based glass matrix composite
coatings were produced on AISI 1020 steel by the pre-placed powder
laser claddingmethod in order to investigate the coatingmicrostructure
formation mechanisms and ﬁnd suitable processing parameter ranges,
allowing a good compromise between hardness and ductility to be
achieved. Parallel experiments on laser remelting of a bulk crystalline
plate of the same alloy were carried out for comparative purposes.
2. Materials and methods
The Fe43.2Co28.8B19.2Nb4Si4.8 alloy was selected as coating material
because it exhibits good glass forming ability (GFA), with 4 mm of crit-
ical casting thickness, and very high hardness and corrosion resistance
[3]. Powder and plates of this alloy were prepared by spray forming
[20]. The powder particle size varied in the range of 30–45 μm. Due to
limitations in the quantity of available powder, laser cladding was car-
ried out by the pre-placed powder method on rectangular substrates
of AISI 1020 steel with a size of 85.4 × 30.7 × 20 mm3. The coating pre-
cursor was prepared bymixing the powderwith ethyl alcohol and plac-
ing a 0.5 mm thick layer of this slurry onto the substrate. This layer was
dried and melted with the laser beam, selecting processing parameters
that allowed minimal dilution while still creating a metallurgical bond-
ing with the substrate. The laser melting experiments were performed
on 10 × 20 × 4 mm3 plates of the Fe43.2Co28.8B19.2Nb4Si4.8 alloy obtain-
ed by spray forming. This alloy presented a crystalline structure. The
surface of the plates was roughened by sand blasting prior to laser
remelting. The Fe43.2Co28.8B19.2Nb4Si4.8 alloy plate and powder were
characterized in detail in previous papers [21,22].
Laser processing was conducted with a 2 kW CWNd:YAG laser. The
laser beamwas transported by an optical ﬁber and focused bymeans of
a lens onto a spot with a diameter of about 3 mm at the surface of the
sample. The laser beam power ranged between 1.3 and 1.7 kW and
the scanning speed was 100 mm·s−1. All the experiments wereTable 1
Parameters used during the processing, size of the coatings produced and DSC data obtain
sition, crystallization and melting temperatures and the volume fraction of amorphous ph
zone.
Coating Power density, Pd (W/m2) Scanning speedy (mm/s) Coating thickness (mm)
Remelting 1.91 × 108 100 0.545
Pre-placed 1.91 × 108 100 0.848conducted in a high-purity argon gas atmosphere. Single tracks about
~1 mmwide and 22 mm long were obtained. The laser surface melting
experiments were carried out with the same processing parameters for
comparison purposes. The processing parameter values used are sum-
marized in Table 1.
The microstructure of the samples was analyzed by optical micros-
copy, using an OLYMPUS PMG3 microscope, and scanning electron mi-
croscopy, with a SEM-FEG Gemini 1530. The chemical composition of
the phases and coatings was determined by energy-dispersive X-ray
spectrometry (EDX) using a Bruker Xﬂash 4010 energy-dispersive X-
ray spectrometer (EDX) attached to the SEM. Thin foils were prepared
by focused ion-beam (FIB) milling and observed by transmission elec-
tron microscopy (TEM) using a TECNAI G2 F20 microscope. The phase's
constitution of the samples was analyzed by X-ray diffraction (XRD)
using a Bruker AXS D8 Discover diffractometer and Cu-Kα radiation.
The analysis was conducted in a ﬂat area created at the surface of the
remeltedmaterial and at the cross section of the clad tracks, using a col-
limated X-ray beam1 mm2 in size at the surface of the sample. The glass
transition, crystallization and melt temperatures were determined
using a PerkinElmer differential scanning calorimeter (DSC), at a
heating rate of 40 K/min. The hardness of the clad tracks wasmeasured
at their cross-sectionswith aHMV-2000 SHIMADZUmicrohardness tes-
ter and a Vickers pyramid-shaped diamond indenter, under different
loads from 0.5 to 2 kg. Additionally, the elastic modulus of the pre-
placed coating and its substrate was measured at their cross section
by a depth sensing ultra-microindenter Shimadzu DUH 211S with a
Berkovich indenter and using a maximum load of 500 mN. The tests
were carried out using a load-creep–unload-creep indentation cycle.
To estimate the dilution of the coatingmaterial in the AISI 1020 steel
substrate the amount of Fe in the rawmaterials and in the coatings was
measured by inductively coupled plasma-atomic emission spectrome-
try (ICP-AES) using a Varian VISTA spectrometer.
3. Results and discussion
Several single tracks were made with different laser beam power
aiming to estimate the inﬂuence of this parameter on the dilution of
the coating material by the substrate. The macrostructure of the cross-
section of clad tracks prepared with laser beam powers of 1.3, 1.35
and 1.7 kW is shown in Fig. 1(a) to (c), respectively. For the lower
laser beampower (1.30 kW)dilution is negligible, but nobondbetween
the coating and the substrate formed and pores are observed at the
coating/substrate interface (Fig. 1(a)). Increasing the laser beam
power to 1.35 kW increases dilution slightly but interface porosity is
eliminated (Fig. 1(b)). The lowest dilution with no interfacial porosity
(Fig. 1(b)) was achieved for 1.35 kW laser beam power and 100 mm/s
scanning speed. The thickness and width of this track are 0.85 and
1.38 mm, respectively. The track height is larger than the pre-placed
powder bed thickness because the liquid tends to contract in order to
balance the surface energies at the contact edges. On the other hand,
the coating width is smaller than the laser beam diameter (3 mm), be-
cause the temperature required to create a melt pool is only reached in
the central region of the laser beam. A heat affected zone (indicated by
HAZ and delimited by thewhite dashed line in Fig. 1) formed in the sub-
strate below themelt pool, reaching amaximumdepth of about 215 μm
for those parameters. The steel in this region undergoes solid stateed at a heating rate of 40 K/min. Tg, Tx, Tm and fa are deﬁned as the onset glass tran-
ase in the center of the coating, respectively. ΔTx = Tx − Tg and HAZ = heat affected
HAZ thickness (mm) Width (mm) Tg (K) Tx (K) ΔTx (K) Tm (K) fa%
0.133 1.091 – 858 ± 2 – 1309 ± 2 15 ± 3
0.215 1.378 821 ± 2 900 ± 2 79 ± 2 1284 ± 2 41 ± 5
Fig. 1. Cross-section of clad tracks produced using laser beam power of (a) 1300, (b) 1350 and (c) 1700 W, respectively, and laser scanning speed of 100 mm·s−1. The heat affected zone
(HAZ) is indicated by a dashed line.
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during the laser deposition thermal cycle [23,24]. Deep in the heat af-
fected zone perlite is transformed into austenite, which dissolves, at
least partially α-ferrite. This austenite transforms into martensite dur-
ing the subsequent cooling. On the other hand, near the fusion line the
steel is heated into the δ-ferrite stability region. As a result, both γ and
δ phases or only δ-ferrite will exist in contact with the liquid at the bot-
tom of the melt pool. The area in the cross-section of the clad track that
penetrates the substrate is a measure of dilution and it is plotted as a
function of the laser beam power in Fig. 2. The plot shows that, for con-
stant scanning speed, dilution increaseswith the laser beam power. The
single track dimensions are presented in Table 1. A consequence of dilu-
tion is the contamination of the coating material by the elements pres-
ent in the substrate. ICP-AES chemical analysis showed that the
substrate is rich in Fe with small proportions (less than 0.7 wt.%) of C,
Mn, P and S. As a result, partial melting of the substrate adds mainly
Fe to the coating material, the additions of C, Mn, P and S being negligi-
ble. The composition of the coating could not be quantitatively deter-
mined by EDX analysis because boron cannot be quantiﬁed by this
technique. The difference in the proportions of Fe measured in the
clad track and in the original powder gives the amount of Fe incorporat-
ed into the clad material during the coating formation, as a result of di-
lution, which is 1.1 ± 0.5 at.%. This minor addition of Fe may decrease
the glass-forming ability, but only slightly because the addition of
7.2 at.% Fe to the Fe43.2Co28.8B19.2Nb4Si4.8 alloy decreases the critical
casting thickness from 4 to 3.5 mm only [3].
The X-ray diffractograms of the clad and laser melted track and its
substrate are depicted in Fig. 3. All diffractograms present sharp Bragg
peaks, which can be indexed as body-centered cubic (Fe,Co) δ-ferrite,
tetragonal (Fe,Co)2B and cubic Fe23B6 with Im3m, I-42 m and Fm-3 m
space groups, respectively. The substrate additionally shows small
peaks of the cubic Co16Nb6Si7 phase with space group Fm-3 m. An in-
tense Bragg peak is observed in the diffractogram of the laser cladFig. 2. Correlation between the laser power and the dilution area measured at the cross-
section of several clad tracks of the Fe43.2Co28.8B19.2Nb4Si4.8 alloy deposited on AISI 1020
steel. The same laser scanning speed of 100 mm·s−1 was used for these samples.sample at 2θ = 82.7°, which corresponds to the (211) reﬂection of α-
ferrite, showing that a region of the substrate was included in the ana-
lyzed area. The AISI 1020 steel consists of α-ferrite and a small propor-
tion of Fe3C.
The microstructure in the transverse cross-section of a clad track
prepared with a laser beam power of 1.35 kW and a scanning speed of
100 mm/s is depicted in Fig. 4(a)–(d). The clad track presents a complex
structure consisting of 5 different regions with distinct microstructures
(Fig. 4(a)). The presence of dendrites indicates the existence of crystal-
line phases at the bottomof the resolidiﬁed region suggesting that solid-
iﬁcation starts by epitaxial growth on the substrate [18]. Starting at the
bottom of the melt pool, a featureless region formed by plane front so-
lidiﬁcation (indicated by PFS) appears near the interface with the sub-
strate. A grain boundary is visible crossing the PFS region in the ﬁeld
of the image. This ﬁrst layer of material is followed by a narrow transi-
tion zonewith a cellularmicrostructure (indicated by CS), then a thicker
regionwith a columnar dendritic structure (indicated by CDS). The den-
drites are non-faceted and are surrounded by a two-phasematrix, prob-
ably a eutectic (Fig. 4(b)). Within this eutectic dendrites of one of the
eutectic phases are observed. This eutectic is the main constituent of
the next layer of material (indicated by ES), which presents a micro-
structure similar to that in the interdendritic regions in the precedent
layer. Finally, the upper region of the clad track (Fig. 4(c)) is predomi-
nantly formed of a featureless constituent, with embedded equiaxed
dendrites of a non-faceted phase, similar to the columnar dendrites
phase. EDX analysis revealed that the dendritic phase is rich in Fe, Co
and Si, while the eutectic regions are rich in Nb. These results show
that the non-faceted dendritic phase is (Fe, Co, Si) δ-ferrite, previously
observed by XRD, while the eutectic must consist of δ-ferrite and Nb-
containing borides (Fe,Co)2B and Fe23B6. The microstructure transition
observed in Fig. 4(a) is due to the variation of the solidiﬁcation param-
eters during the ﬁrst stages of solidiﬁcation, at the bottom of the melt
pool. It can be shown [18] that the solidiﬁcation rate (R) increasesFig. 3. X-ray diffraction patterns of the clad track, laser melted coating and its bulk
substrate.
a b
c d
Fig. 4. (a) SEM image of the cross-section of a clad track produced with laser beam power of 1350 W. PFS, CS, CDS and ES denote plane front, cellular, columnar dendritic and eutectic
solidiﬁcation regions, respectively. (b)Magniﬁcation of the columnar dendritic solidiﬁcation region. (c) Equiaxed dendrites formed in the amorphousmatrix, observed inmost of the coat-
ing thickness. (d) Effect of convective liquid ﬂow carrying dendrites to the top and into the bulk of the melt pool.
b c
a
Fig. 5. (a) Annular dark ﬁeld TEM image of the bottom part of the clad track. The δ-(Fe,Co)
and (Fe,Co)2B phases are indicated. (b) Selected area electron diffraction (SAED) pattern
from the homogeneous/featureless matrix and (c) from the left bottom region of
Fig. 5(a). Spots of the δ-(Fe,Co) (red dashed circles) and (Fe,Co)2B phases (yellow dashed
circles) were identiﬁed in a zone axis [211] and [110], respectively.
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pool up to a value lower than the scanning speed near the surface. On
the other hand, the temperature gradient (G) is highest at the bottom
of the melt pool and decreases as the solidiﬁcation front approaches
the surface. As a result, the G/R ratio, which controls the solid–liquid in-
terface morphology at solidiﬁcation rates lower than the limit of abso-
lute stability [25], presents an inﬁnite value at the bottom of the melt
pool and decreases as solidiﬁcation proceeds, causing the S/L interface
to evolve from a plane morphology at the bottom of the melt-pool to
a cellular and, eventually, a dendritic morphology as the interface
moves towards the surface, leading to the featureless, cellular and den-
dritic solidiﬁcation microstructures observed in Fig. 4(a). In the later
stages the liquid may become sufﬁciently undercooled for equiaxed
growth to occur, in particular, if there are particles in suspension in
the liquid that promote heterogeneous nucleation of the equiaxed crys-
tals [26]. The equiaxed dendrites observed in Fig. 4(c) probably nucleate
from particles carried by Marangoni convection [27] from the mushy
zone below. Examination of Fig. 4(d) shows that this convective liquid
ﬂow carries dendrites to the top and into the bulk of the melt pool.
The dendrites melt as they move upwards into the liquid, heated by
the laser beam (their size decreases, Fig. 4(d)), but someof them survive
and nucleate the equiaxed dendrites seen in Fig. 4(c) at the trailing edge
of themelt pool, where the temperature of the liquid is lower. The high
cooling rate in this region is sufﬁcient to prevent excessive growthof the
equiaxed dendrites and to vitrify the remaining liquid. As a result, a ho-
mogeneous distribution of dendrites is obtained within the coatingma-
terial, which can signiﬁcantly improve mechanical properties such as
strength and toughness, as observed in other BMG composites [28].
The amount of amorphous phase in the center of the coating was esti-
mated as 41 ± 5 vol.% (Table 1) measured by means of the manual
point account method (ASTM E 562–08), applied to the SEM images.
The TEM image of Fig. 5(a), taken from the bottom region of the clad
track depicted in Fig. 4(c), shows non-faceted columnar dendrites of
(Fe,Co) δ-ferrite and particles of (Fe,Co)2B boride in the interdendritic
regionwithin a featurelessmatrix. The selected area electron diffraction
(SAED) pattern of this matrix, shown in Fig. 5(b), is typical of an amor-
phous phase. The SAED pattern of Fig. 5(c), taken from the region at the
left bottom of Fig. 5(a), shows spots corresponding to the δ-ferrite in a[211] zone axis (red dashed circles) and of (Fe,Co)2B in a [110] zone
axis (yellow dashed circles), as well as the diffuse rings of the amor-
phous phase.
Fig. 6. DSC curves of the clad track and laser melted coating. The glass-transition, crystal-
lization and melting temperature (Tg, Tx and Tm, respectively) are indicated in the ﬁgure.
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was conducted and the results are shown in Fig. 6 and summarized in
Table 1. Exothermic crystallization peaks are observed for both the
laser clad and laser melted materials, preceded by a well-deﬁned
glass-transition (Tg) in the case of the clad material. The crystallization
parameters are different for the two materials; the onset of crystalliza-
tion temperature (Tx) is 858 and 900 K for the clad and remelted mate-
rials, respectively, but the remelted material does not exhibit a glass
transition. The reason for this behavior is the different amounts of crys-
talline phases formed during the solidiﬁcation of bothmaterials (cf XRDa
Fig. 7. (a) SEM image of the cross section of the laser melted sample. The details of the heat aff
niﬁcation of the center of this laser melted coating is shown in (b) and the phases formed are
phase. (c) Cross-section of the laser melted sample observed in optical microscopy, showing thresults, Fig. 3), which leads to signiﬁcant differences in the composition
of the residual liquid and, consequently, of the amorphous phase. The
ΔTx value for the clad material is 79 K, which is larger than the ΔTx ob-
tained by Inoue et al. [3] (ΔTx = 50 K). This difference can be explained
by the change in the composition of the amorphous phase due to the
partial crystallization that occurs during the clad solidiﬁcation and to
the small amount of Fe added to thematerial due to dilution by the sub-
strate during the coating formation (1.1 ± 0.5 at.% Fe, measured by
chemical analysis).
The microstructure of the transverse cross section of the remelted
material is depicted in Fig. 7. Three regions can be observed: the pristine
base material (indicated by BM), a melted zone (indicated byMM), and
the heat affected zone (indicated by HAZ). The thickness and width of
themelt track and the thickness of theHAZ are given in Table 1. The par-
ticles in theHAZ are larger than in the basematerial (size between2 and
8 μm compared to an average size of 2 μm in the substrate), showing
that particle coalescence occurred during the thermal cycle generated
by the laser treatment. The microstructure of the resolidiﬁed material
is shown in Fig. 7(b). It consists of dendrites of (Fe,Co) δ-ferrite
surrounded by a large proportion of boride particles dispersed in a
small amount of an homogeneous and featureless amorphous phase
(delimited by white lines in Fig. 7(b)). The volume fraction of amor-
phous phase in the center of the track measured by quantitative metal-
lography is 15 ± 3%, in qualitative agreement with the XRD results. A
complex structure forms in the HAZ, consisting of at least 4 different
phases, as depicted in the backscattered electrons (BSE) image of
Fig. 8(a). The BSE image contrast, EDX element distribution maps, EDX
point and area analysis, and previous knowledge of this alloy [22] sug-
gest that thephases presentmaybe (Fe,Co) δ-ferrite and the intermetal-
lic compounds (Fe,Co)23B6(Si), (Fe,Co)16Nb6Si7 and (Fe,Co)2B(Nb),
which also exist in the substrate. Nevertheless, in contrast with the laser
clad, the laser melted samples are extensively cracked, cracks forming at
the coating/substrate interface and propagating into the substrate
(Fig. 7(c)). Cracking is due to the brittleness of the Fe43.2Co28.8B19.2Nb4Si4.8
bulk crystalline alloy at room temperature [29], which does not
allow accommodating the thermal stresses generated during
processing.b
c
ected zone (HAZ) are shown. BM and MM denote base material and melted zone. A mag-
indicated. The white lines delimit featureless regions which correspond to the amorphous
e formation of several cracks especially in the BM.
Fe
Co
Nb Si
a
b
α-(Fe,Co)
(Fe,Co)16Nb6Si7
(Fe,Co)23B6(Si)
(Fe,Co)2B(Nb)
c
ed
Fig. 8. (a) Backscattered electron image of the heat affected zone of the lasermelted coating. The phases formed in this region are indicated. (b) to (e) are EDXmapping of Fe, Co, Nb and Si,
respectively, from the area shown in (a).
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lowing equations proposed by Ashby and Easterling [30] for a moving
line source:
∂T
∂t ¼−2πk
v
αq
 
T−T0ð Þ2 and q ¼ q−2rbzmvL ð1Þ
where k is the thermal conductivity, α is the absorptivity at the sample
surface, q is the laser power used, v is the scanning speed, (T − T0) is the
difference between room andmelting temperature, rb is the laser beam
radius, zm is themelt depth and L is the latent heat of melting. Consider-
ing k = 80.2 J·s−1·m−1·K−1 [31], α = 0.3 [31], (T − T0) = 1102 K
[3], L = 1.94 × 109 J·m−3 [31] and rb = 1.5 mm (k, α and L are for
pure Fe [31]), the cooling rate in the remelted coating was estimated
to be 1.84 × 105 K/s. This cooling rate is much higher than the critical
cooling rate for amorphization of the Fe43.2Co28.8B19.2Nb4Si4.8 alloy (es-
timated to be 250 K/s [32]) so an entirely amorphous structure should
be observed. Nevertheless, epitaxial growth at the coating/substrate in-
terface and convective transport of δ-ferrite dendrite fragments and bo-
ride particles to the bulk by Marangoni-driven ﬂuid ﬂow promotes
partial crystallization of the coating as shown by the present results.
Using Hunt's model for the columnar-to-equiaxed transition (CET)
[33] generalized for the solidiﬁcation of multi-component alloys,
Gaumann et al. [34] showed that equiaxed solidiﬁcation is favored by
small temperature gradients at the S/L interface, low scanning speeds,
and a high density of heterogeneous nucleants in the liquid, and pro-
posed the following equation for the CET limit, applicable for solidiﬁca-
tion parameters of the order of R ~ 1 cm·s−1 and G ~ 106 K·m−1 [35]:
Gn
R
¼ a
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
−4πN0
3 ln 1−φð Þ nþ 1ð Þ
3
s" #n
ð2Þ
whereG = temperature gradient, R = solidiﬁcation rate,N0 = density
of heterogeneous nucleation sites, φ = volume fraction of equiaxed
grains and a, n = alloy related constants. The columnar-to-equiaxed
solidiﬁcation transition is facilitated by the presence of particles insuspension in the liquid capable of nucleating heterogeneously randomly
oriented crystals within the liquid with very low undercooling (high N0,
Eq. (2)). As shown in Fig. 4(d), the bulk liquid in themelt pool is constant-
ly supplied with δ-ferrite dendrite fragments and boride particles carried
out by Marangoni-driven ﬂuid ﬂow, and these particles can promote
equiaxed solidiﬁcation within the liquid in regions where temperature
is low, namely near the melt pool trailing edge. The larger amount of
amorphous phase in the laser clad material when compared with the
remelted material can be explained by a lower cooling rate in this case
due to the lower thermal conductivity of the Fe43.2Co28.8B19.2Nb4Si4.8
bulk alloy as compared to the carbon steel substrate [36]. Considering
that the other parameters (laser beam power, laser scanning speed, ab-
sorptivity, thermal gradient during cooling, latent heat of melting and
laser beam radius) are the same, the lower thermal conductivity of the
substrate will give rise to a lower cooling rate for the remelted material
(Eq. (1)). Another important point is that, contrarily to what happens in
the cladding experiments, in laser melting crystallization is facilitated be-
cause the liquid is in contact with the phases present in a substrate of the
same alloy [22].
Themechanical properties of thesematerialswere studied bymicro-
hardness measurements and the results are shown in Fig. 9. A constant
hardness of 1040 ± 16 HV0.5 was obtained for the clad material as
compared to 160 ± 10 HV0.5 for the substrate and 257 ± 16 HV0.5
for the HAZ, which is harder than the substrate as a result of martensite
formation. Although the hardness of the deposited material is high, it is
still lower than the hardness of the fully amorphous sample (1250
HV0.2 [3]). However, contrarily to the pristine or amorphous material,
which present poor ductility [3,29], the coating is relatively ductile be-
cause no cracks appear during deposition or during the hardness mea-
surements, even when the maximum load of 19.8 N was applied, with
a larger number of shear bands formed in the vicinity of the indentation
region (not shown here). This is certainly due to the precipitation of the
body-centered cubic δ-(Fe,Co) phase dendrites homogeneously dis-
persed in the glassymatrix, which enhance the deformability of thema-
terial [6,7] and help avoiding crack formation. Fig. 9 also shows the
microhardness values of the remelted material. A constant value of
Fig. 9. Hardness measurements at the cross section of the clad track and laser melted samples.
342 P. Gargarella et al. / Surface & Coatings Technology 240 (2014) 336–3431105 ± 5 HV0.5 was obtained for this material, almost similar to the
pristine material, 1065 ± 47 HV0.5. The HAZ of this substrate showed
the largest hardness value of 1230 ± 37 HV0.5 as a result of the forma-
tion of larger intermetallic phases as shown before. The yield strength
can be estimated from the Vickers hardness (Hv) by means of the fol-
lowing relation [37]:
ρ0 ¼
Hv
3
0:1ð Þn′−2 ð3Þ
where ρ0 is the yield strength (kgf/mm2) and n′ is a constant related
with the strain hardening of the alloy. A value of n′ = 2.036was obtain-
ed by ﬁtting hardness and yielding strength values of Fe-Co-B-Nb-Si al-
loys obtained by Inoue et al. [3]. This relation gives a yield strength of
3130 and 3325 MPa for the pre-placed and remelted coating, respec-
tively, which is extremely high comparing with the AISI 1020 steel,
384 MPa [38]. This high strength coating could improve surface proper-
ties of steel products such as wear resistance and surface hardness and
may also work as a corrosion resistance coating considering that the
amorphous phase has a higher corrosion resistance in acidic solutions
than most conventional alloys [4]. Ultra-microhardness measurements
were also carried out in the cross section of the clad material and in its
substrate in order tomeasure their elastic modulus. Typical force versus
penetration depth curves are shown in Fig. 10. One can see that a small-
er force is needed in order to have the same depth penetrationFig. 10. Force versus indenter penetration depth curves obtained during ultra-
microhardness measurements at the cross-section of the clad track and AISI 1020 steel
substrate.comparing the substrate with the coating, which can be understood
by the larger deformability and lower hardness of the former. Neverthe-
less, only a slightly difference in the elastic modulus values of the coat-
ing and substrate was observed (210 ± 8 and 188 ± 15 GPa for the
coating and substrate, respectively). These values are similar to those
observed for fully amorphous Fe43.2Co28.8B19.2Nb4Si4.8 samples
(210 GPa [3]) and AISI 1020 steel (200 GPa [38]), respectively.
4. Conclusions
Coatings of the Fe43.2Co28.8B19.2Nb4Si4.8 alloy were produced by pre-
placed laser cladding on AISI 1020 steel. The laser cladmaterial exhibits
5 consecutive layers with different microstructures. Layers consisting
predominantly of δ-ferrite formed by plane front, cellular and columnar
dendritic solidiﬁcation are formed, respectively. The segregation of B
and Nb ﬁrst frontally, to the liquid bulk, then to the interdendritic re-
gions results in the formation of a δ-boride(s) eutectic, initially in
these regions then as the bulk alloy constituent. Finally, a layer of amor-
phous material with homogeneously dispersed embedded dendrites of
δ-ferrite forms in most of the coating thickness. The method of pre-
placed laser cladding on AISI 1020 steel appears suitable to produce
high strength Fe-based glassmatrix composite coatings since the homo-
geneous dispersion of the ductile δ-ferrite in the glassy matrix enables a
high hardness exceeding 1040 ± 16 HV0.5, which is more than six
times higher than the measured for the AISI 1020 steel, combined
with a pore- and crack-free coating, in contrast with the laser melted
sample. These Fe-based glassy matrix composite coatings are very
promising in order to improve wear and corrosion resistance of steel
structural components.
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